ABSTRACT. The KT/HAK/KUP family members encoding highaffinity potassium (K + ) transporters mediate K + transport across the plasma membranes of plant cells to maintain plant normal growth and metabolic activities. In this paper, we identified 16 potassium transporter genes in the peach (Prunus persica) using the Hidden Markov model scanning strategy and searching the peach genome database. Utilizing the Arabidopsis KT/HAK/KUP family as a reference, phylogenetic analysis indicates that the KT/HAK/KUP family in the peach can be classified into 3 groups. Genomic localization indicated that 16 KT/ HAK/KUP family genes were well distributed on 7 scaffolds. Gene structure analysis showed that the KT/HAK/KUP family genes have 6-9 introns. In addition, all of the KT/HAK/KUP family members were hydrophobic proteins; they exhibited similar secondary structure patterns and homologous tertiary structures. Putative cis-elements involved in abiotic stress adaption, Ca 2+ response, light and circadian rhythm regulation, and seed development were observed in the promoters of the KT/HAK/KUP family genes. Subcellular localization prediction indicated that the KT/HAK/KUP members were mainly 775 ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 14 (1): 774-787 (2015) Analysis of KT/HAK/KUP family gene in peach located in the plasma membrane. Expression levels of the KT/HAK/ KUP family genes were much higher in the fruit and flower than those in the other 7 tissues examined, indicating that the KT/HAK/KUP family genes may have important roles in K + uptake and transport, which mainly contribute to flower formation and fruit development in the peach.
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INTRODUCTION
As one of the most important cation elements in plants, potassium (K + ) has key roles in improving plant growth and development (Lebaudy et al., 2007) , flower formation (Yamasaki and Yano, 2009) , and fruit quality and yield (Demiral and Köseoglu, 2005; Hartz et al., 2005; Nava et al., 2007) . In particular, K + also contributes to many physiological and metabolic processes in plants (Véry and Sentenac, 2003; Grabov, 2007) that further improve plant tolerance to various abiotic stresses, including drought (Li et al., 2011; Song and Su, 2013) , salt (Mian et al., 2011; Upadhyay et al., 2012) , and cold (Rai et al., 2008; Ramalho et al., 2013) . K + transporters are famous for K + acquisition, catalyzing K + uptake across a wide spectrum of external concentrations, mediating K + movement within the plant and its efflux into the environment, and possible functions in plant cation homeostasis (Véry and Sentenac, 2003; Grabov, 2007) . According to the largest K + transporter family, KT/HAK/KUP, individual members have been found in evolutionarily diverse organisms (reviewed in Grabov, 2007) , including Arabidopsis, rice, barley, pepper, tomato, alligatorweed (Song and Su, 2013) , and so forth. Several members of the KT/HAK/KUP family have been characterized in plants, either by overexpression in Arabidopsis suspension cells (Fu and Luan, 1998) or analyses of T-DNA insertion mutants (Rigas et al., 2001; Mian et al., 2011) .
The peach (Prunus persica) is among the most economically important fruit crops and grown worldwide. With the help of an available genome database, the peach has become one of the most genetically well-characterized species of the Rosaceae family (Layne and Bassi, 2008; Jung et al., 2008) . Current estimates indicate that the peach is a diploid with N = 8 chromosomes and has a comparatively small genome, estimated at ~220-230 Mbp, that contains 28,689 transcripts and 27,852 genes, which provide unexpected genetic evidence for further research of Prunus spp and other species in the Rosaceae (Jung et al., 2008) .
Currently, the use of molecular-assisted selection in conjunction with conventional breeding techniques is an accepted strategy for breeding new peach cultivars with enhanced biotic and abiotic stress resistance, nutritional value, and other novel traits (Layne and Bassi, 2008) . In plants, genes of the KT/HAK/KUP family members play significant roles in K + uptake and transport related to plant growth and develop ment, as well as various plant biotic and abiotic stress responses (Li et al., 2011; Mian et al., 2011; Upadhyay et al., 2012; Song and Su, 2013) . However, a comprehensive analysis of the KT/HAK/KUP family genes in the peach is lacking.
In this study, we initially identified and characterized 16 putative KT/HAK/KUP family genes in silico from the peach genome database. According to phylo genetic and protein motif structural analyses, the KT/HAK/KUP family members of the peach were classified into 3 groups, using KT/HAK/KUP members of Arabi dopsis as a reference. In addition, the expression percentages of the KT/HAK/KUP family genes in different tissues or organs were analyzed. The data presented in this study may contribute to the selection of excellent candidate genes from the KT/HAK/KUP family in the peach for further functional characterization at the molecular level and elucidate its precise role in improving plant development and stress responses at the physiological level.
MATERIAL AND METHODS

Isolation and localization of predicted KT/HAK/KUP genes in the peach
Protein sequences of KT/HAK/KUP family genes of Arabidopsis (Rubio et al., 2000) were obtained from the Phytozome Arabidopsis genome database (http://www.phytozome. net). These sequences were used as a query to BLAST the peach genome and identify putative homologues in the peach. Nucleic acid and amino acid sequences of the identified putative KT/HAK/KUP members in the peach were obtained from the Phytozome peach genome database. To confirm these predicted KT/HAK/KUP family proteins, the protein sequences were then searched for KT/HAK/KUP domains by using the InterProScan 4.8 (http://www.ebi. ac.uk/Tools/pfa/iprscan/) and CD search (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb. cgi) web servers. The numbers, names, and locations of the conserved domains contained in each KT/HAK/KUP protein sequence of the peach were also recorded.
Motif display and phylogenetic analysis of predicted KT/HAK/KUP genes in the peach
To search the conversed motifs shared by the KT/HAK/KUP proteins, we utilized the online tool of MEME (v4.8.1) (http://meme.nbcr.net/meme/cgi-bin/meme.cgi) via uploading the putative peach KT/HAK/KUP amino acid sequences according to the method described by Bailey et al. (2006) . The amino acid sequences of the Arabidopsis KT/HAK/KUP family were obtained from the TAIR database (http://www.arabidopsis.org/browse/genefamily/index.jsp), and a multiple alignment analysis between the peach and Arabidopsis KT/HAK/KUP proteins was carried out using the ClustalW program built into the MEGA 4.1 software (Tamura et al., 2007) . A phylogenetic tree was constructed by using the MEGA4.0 software between candidate KT/HAK/KUP proteins in the peach and formerly identified members in Arabidopsis (Tamura et al., 2007) . The KT/HAK/KUP family members in the peach were classified into 3 groups by using a combination of phylogenetic trees and conserved domain analyses of the characteristics and structures of genes.
Gene structure and characteristic analysis of predicted KT/HAK/KUP genes in the peach
In silico approaches were used to obtain the genomic sequences and complementary DNA (cDNA) sequences of the identified KT/HAK/KUP family, and the extron and intron statuses of the KT/HAK/KUP family genes were analyzed using the Gene Structure Display Server software (http://gsds.cbi.pku.edu.cn/index.php). In addition, the genomic sequences (peach v1.0), identification (ID) number, gene distribution on scaffold, and genome location of the peach KT/HAK/KUP family genes were obtained from the Phytozome peach genome database.
Promoter region analysis of predicted KT/HAK/KUP genes in the peach
To investigate cis-elements in promoter sequences of the KT/HAK/KUP family genes, 2 kb individual genomic DNA sequences upstream of the initiation codon (ATG) was retrieved from the Phytozome grape genome database (http://www.phytozome.net). Then, PLACE (http://www.dna.affrc.go.jp/PLACE/) was used to analyze cis-elements in the promoters according to the method described by Higo et al. (1999) .
Gene expression profiles of predicted KT/HAK/KUP genes in the peach
Expressed sequence tag (EST) data of the peach KT/HAK/KUP members were obtained from the dbEST database on National Center for Biotechnology Information (NCBI; http: //www. ncb.i nlm.nih.gov/dbEST/) via BLASTN alignment between the corresponding full-length coding sequence (CDS) of the candidate KT/HAK/KUP genes and the NCBI EST database. The corresponding KT/HAK/KUP family ESTs that were characterized with a matching rate >90%, longer than 120 bp, and E ≤ 10 -10 were retrieved and obtained. EST results were classified according to the different tissues and organs, and the expression profiles of the KT/HAK/KUP family genes were investigated.
RESULTS
Identification of predicted KT/HAK/KUP genes in the peach
To identify the KT/HAK/KUP family genes in the peach, BLAST were performed in the peach genome database by using the KT/HAK/KUP proteins of Arabidopsis as query sequences. Fortunately, 16 genes were identified as putative KT/HAK/KUP family members in the peach (Table 1) . InterProScan results indicated that 16 genes were predicted to encode proteins containing a single KT/HAK/KUP domain of K + transporters (data not shown).
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Phylogenetic analysis and motif display of predicted KT/HAK/KUP proteins in the peach
To confirm the obtained classifications and analyze phylogenetic relationships, a phylogenetic tree was constructed based on the alignment of the KT/HAK/KUP amino acid sequences of the 16 and 13 KT/HAK/KUP family members in the peach and Arabidopsis, respectively. As shown in Figure 1 , the KT/HAK/KUP family members of the peach were classified into 3 groups, including 2, 6, and 8 members using the KT/HAK/KUP members of Arabi dopsis as a reference. Groups II and III were further divided into 2 subgroups each. It is worth mentioning that ppa025447m of the peach strictly clustered with ApKUP1 of Arabi dopsis in Group I. Similarly, ppa001638m, ppa001724m, ppa003114m, ppa001652m, and ppa022284m in Group II exhibited close clustering with ApKUP2, ApKUP6, ApKUP8, ApKUP3, and ApKUP4 of Arabi dopsis, respectively. Moreover, ppa001335m, ppa001373m, and ppa016662m in Group III exhibited close clustering with ApKUP7, ApKUP12, and ApKUP9 of Arabi dopsis, respectively ( Figure 1 ). Given the above classifications, the 16 KT/ HAK/KUP family genes were subjected to further analyses. Phylogenetic tree of the KT/HAK/KUP family proteins between the peach and Arabidopsis. The tree was created by the bootstrap option of the CLUSTALW multiple alignment packages and the neighbor-joining method using 16 members in the peach and 13 members in the Arabidopsis KT/HAK/KUP amino acid sequences. Scale indicates genetic distance. Accession Nos. of the 13 KUP/KT/HAK family members in Arabidopsis are as follows: AtKUP1, NP_180568.1; AtKUP2, NP_565936.1; AtKUP3, NP_186854.1; AtKUP4, NP_194095.2; AtKUP5, NP_195079.2; AtKUP6, NP_177187.2; AtKUP7, NP_568213.2; AtKUP8, NP_196992.1; AtKUP9, NP_193729.1; AtKUP10, NP_174397.1; AtKUP11, NP_181051.1; AtKUP12, NP_176222.2; and AtHAK5, NP_567404.1.
Analysis of KT/HAK/KUP family gene in peach
Motif distribution analysis indicated that the KT/HAK/KUP family proteins in the peach possessed 5 discrepant motifs (Figure 2 ). In particular, Motif 2 had the longest sequence (i.e., 115 amino acids), followed by Motifs 1 and 5; Motif 4 was the shortest, with 39 amino acids ( Table 1) . The height of a block in Motif 5 indicated the significance of the match with taller blocks. In detail, Motifs 1 and 2 were present in all of the KT/HAK/KUP proteins. Motif 3 was present in all of the KT/HAK/KUP proteins, except for ppa022818m; Motif 4 was present in all of the KT/HAK/KUP proteins, with the exception of ppa002879m. It should be noted that only ppa001652m had Motif 5, implying that ppa001652m may be functionally different from that of the others (Figure 2 ). 
Characteristics of predicted KT/HAK/KUP family genes in the peach
The 16 KT/HAK/KUP family genes were unevenly distributed on scaffolds 1-8 of the peach genome, with the exception of scaffold 7. The numbers of KT/HAK/KUP family genes distributed on scaffolds 1-8 were 4, 1, 2, 4, 2, 1, 0, and 2, respectively (Table 2) . Gene ID, gene location, and ORF length are shown in Table 2 .
In addition, gene structure analysis showed that the KT/HAK/KUP genes possessed 6-9 introns and varied distinctly in length. In particular, ppa003114m had the largest intron (i.e., >1 kb) and the shortest intron (i.e., <50 bp). In addition, ppa001648m possessed the lowest number of introns (i.e., 6; Figure 3 and Table 2 ). 
Characteristics of the predicted KT/HAK/KUP family proteins in the peach
The primary structure of the peach KT/HAK/KUP family proteins was calculated from the online ProtParam tool. As shown in Table 3 , the shortest and longest amino acid sequences of the peach KT/HAK/KUP family were 601 and 850, respectively, among the 16 members. The GRA VY index indicated that all of the KT/HAK/KUP family members in the peach are hydrophobic proteins. The aliphatic index analyses showed that all of the 16 members had high values (i.e., >100), which also supports the predication that the peach KT/HAK/KUP proteins are hydrophobic proteins. Instability index assays implicated that 10 of the 16 peach KT/HAK/KUP proteins were stable proteins, whereas the remaining 6 members were unstable proteins. In particular, 5 of the 6 unstable proteins belonged to Group II, including ppa001724m, ppa003114m, ppa022284m, ppa001335m, and ppa001373m; the remaining unstable protein belonged to Group III (i.e., ppa016662m).
In addition, the ProtParam results revealed that the number of amino acids was positively correlated with the molecular weight of the KT/HAK/KUP family proteins. According to the value of theoretical pI, 11 of the 16 KT/HAK/KUP proteins were alkalescent amino acids, and the remaining 5 members were acidic amino acids (Table 3 ). Among the 3 groups, each group contained both alkalescent and acidic amino acids. Moreover, transmembrane (TM) prediction suggested that the KT/HAK/KUP family proteins possessed 12-14 TM domains, which is similar to previously reported KT/HAK/KUP transporters in higher plants (Véry and Sentenac, 2003) . Interestingly, ppa022818m and ppa001335m had an N-terminus outside the cell membrane, while the others had an N-terminus inside the cell membrane (Table 4) . It is worth mentioning that secondary structure simulations showed that all KT/HAK/KUP family proteins possessed 3 similar patterns (i.e., most prevalent alpha helix, less random coil, and least extended strand; Table 4) .
A similar tertiary structure may reflect a corresponding and similar biological function. The tertiary structure of the KT/HAK/KUP family proteins was predicted via the SWISS-MODEL online server. Seemingly, all of the 16 members in the peach exhibited similar tertiary structures (Figure 4) , indicating that the KT/HAK/KUP family genes may play homogeneous roles in the biological processes of K + uptake and transport; however, further molecular evidence is required for clarification. Table 4 . Secondary structure simulations of the KT/HAK/KUP family proteins in the peach.
Analysis of KT/HAK/KUP family gene in peach
Cis-element analysis
Promoter regions of the KT/HAK/KUP family genes were obtained from the Phytozome grape genome database via retrieving 2-kp range genomic DNA sequences upstream of the translation start sites of the KT/HAK/KUP family genes. By searching the PLACE database, 58 putative cis-elements >8 bp in length were identified (data not shown). In particular, many of these cis-elements were involved in the abiotic stress response, Ca 2+ -response, light and circadian rhythm regulations, and seed development, including ABRERATCAL (Ca 2+ -responsive), ACGTATERD1 (dehydration responsive), ANAERO1CONSENSUS (anaerobic responsive), BOXLCOREDCPAL (wound responsive), CIACADIANLELHC (circadian regulation), DPBFCOREDCDC3 (protein storage), INRNTPSADB (light regulation), PRECONSCRHSP70A (dehydration responsive), RYREPEATGMGY2 (protein storage), SEBFCONSSTPR10A (dehydration responsive), SEF4MOTIFGM7S (protein storage), and TLEGUMINBOX (protein storage).
Subcellular localization and expression profiles of KT/HAK/KUP family proteins in the peach
Presumably, all KT/HAK/KUP family members were mainly localized in the plasma membrane, Golgi body, and endoplasmic reticulum membrane. In addition, 6, 5, and 2 members were also present in the microbody, nucleus, and endoplasmic reticulum lumen, respectively. In particular, ppa001335 was also detected in the chloroplast thylakoid membrane and ppa001626 was also detected in the mitochondrial inner membrane, respectively (Table 5) . Seemingly, 7 members, including ppa025447m, ppa002879m, ppa001638m, ppa022818m, ppa016701m, ppa015062m, and ppa001648m, had similar subcellular localization patterns with similar levels. Five members (i.e., ppa001724m, ppa001652m, ppa001373m, ppa001603m, and ppa016662m) possessed identical localization patterns and levels. Ppa003114m and ppa022284m also had similar localization statuses (Table 5 ). These findings imply that the peach KT/HAK/KUP family members have extensive and delicate localizations in plant cells. EST data provide valuable information for gene expression research. In silico expression profile analyses showed that all of the KT/HAK/KUP family members had corresponding ESTs, except ppa016701m and ppa025447m, with varied sequence numbers. In total, 94 KT/HAK/KUP ESTs were searched in the peach NCBI EST database. Expression profile analyses showed that the predicted KT/HAK/KUP family genes were expressed in different organs or tissues in the peach. The percentages of predicted KT/HAK/KUP family genes expressed in the fruit and leaf were the highest among all of the tissues and organs, respectively (i.e., 30.2 and 22.7%, respectively); they were followed by the flower (12.8%), root (8.8%), flower bud (8.6%), stem (7.5%), embryo (4.3%), seed (3.1%), and xylem (2.0%) ( Figure 5 ). 
DISCUSSION
The ubiquitous presence of these KT/HAK/KUP genes in plants implies that they play important roles in acquiring nutrients and improving plant tolerance to adverse environmental conditions, including drought and K + deficiency (Véry and Sentenac, 2003; Grabov, 2007; Song and Su, 2013) . Under adverse environments, there is an urgency for plants to strengthen K + uptake and transport by plant K + transporters. In fruit trees, K + especially contributes to flower formation and fruit quality and yield. The extensive tissue/organ-specific expression profiles of the grapevine KT/HAK/KUP family genes imply tremendous K + accumulation capacities, which have been indicated for the grapevine genes VvKUP1 and VvKUP2 (Davies et al., 2006) . Therefore, we conducted in silico analysis of the KT/HAK/KUP family genes in the peach genome database to provide a molecular basis for future physiological and molecular studies in the peach.
In the present study, a comprehensive analysis of the genes encoding the KT/HAK/ KUP proteins in the peach genome was carried out, resulting in the identification of 16 KT/ HAK/KUP family genes. The availability of the complete genome sequences and the previous identification of KT/HAK/KUP family genes from some plant species (Rubio et al., 2000; Baňuelos et al., 2002; Gupta et al., 2008; Song et al., 2011; Zhang et al., 2012) enables the comparison of individual groups, which was based on the classification in Arabidopsis as a criterion. Overall, there were 16 KT/HAK/KUP family genes in the peach, more than in Arabidopsis (13) and less than in the grapevine (18), maize (27), and rice (27) (Gupta et al., 2008; Song et al., 2011; Zhang et al., 2012) , which may reflect the fact that the peach has a larger genome of 220-230 Mbp (Jung et al., 2008) greater than that of Arabidopsis (i.e., 145 Mbp) (Huala et al., 2001 ) but shorter than that of the grapevine (i.e., 475 Mbp) (Velasco et al., 2007) , rice (i.e., 430 Mbp) (Goff et al., 2002) , and maize (i.e., 2.3 Gbp) (Schnable et al., 2009) .
MEME is widely used to analyze similarities among DNA or proteins sequences, thus producing a motif for each pattern that is discovered. Generally, all the peach KT/HAK/KUP family genes had Motifs 1 and 2, and none of the 5 motif sequences were repeated. Proteins within a group that shared these motifs were likely to share similar functions or have common and recent evolutionary origins. Although ppa025447m and ppa002879m are Group I members, ppa002879m did not have Motif 4, indicating that ppa002879m may possess a distinct function in comparison to the other members. In contrast, ppa002879m and ppa002879m from Group II possessed identical motifs (i.e., 1-3), which might possess similar functions. In particular, the height of a block in Motif 5, which was present only in ppa001652m, gives an indication of the significance of the match with taller blocks; thus, ppa001652m might be functionally different from the other members. Nonetheless, the functions of these 5 motifs of the KT/HAK/KUP family in the peach have not been identified.
Information on the primary amino acid sequences determined the higher structure of a protein (Anfinsen, 1973) . Regular secondary structures include the α-helix, β-sheet, random coil, and extended strand. Elements of the secondary structure and super-secondary structure may then combine to form the full three-dimensional-fold of a protein or its tertiary structure (Singh, 2001) . Although the primary structure varied among the KT/HAK/KUP family proteins in the peach, their secondary structures exhibited similar patterns, including the most α-helix, less random coils, and the least extended strand (Table 4) . Correspondingly, their tertiary structures were also homologous (Figure 4) . To a certain extent, similarities in the secondary and tertiary structures of the KT/HAK/KUP family might imply similar and closely related functions in the peach that are still unknown.
Frankly, cis-element studies could provide a key foundation for further functional research of the KT/HAK/KUP gene family in the peach. In this study, a series of putative cis-elements were found that are involved in the abiotic stress response, Ca 2+ -response, light and circadian rhythm regulations, and seed development. Such findings are similar to previously reported KT/HAK/KUP members in maize (Zhang et al., 2012) . Among these putative cis-elements, the water-stress responsive element ACGTATERD1 was distributed in all the 16 KT/HAK/KUP family genes, implying that KT/HAK/KUP family genes in the peach are prone to regulation by drought. Moreover, there were other types of abiotic stress responsive cis-elements (i.e., dehydration, anaerobic, and wound responsive). In particular, a widely distributed cis-element, ABRERATCAL (a famous Ca 2+ -responsive element), was detected in 11 of the 16 KT/HAK/KUP family gene promoters. As a secondary messenger, Ca 2+ responded to several environmental stresses and could activate or deactivate a gene by regulating its cis-elements in plants (Gupta et al., 2008) . Nonetheless, cis-element studies in this article might contribute to further functional regulation research on the KT/HAK/KUP gene family in the peach.
Recently, a great many peach ESTs have been submitted to GenBank by partially sequencing the randomly isolated gene transcripts, which provided valuable resources at the molecular level (Clifton and Mitreva, 2009) . In this study, analyses of the expression profiles of the KT/HAK/KUP family genes showed 9 tissue types, according to the annotation of the ESTs (Figure 5 ). The percentage of expression of the KT/HAK/KUP family genes was the highest (~30%) in the fruit than the other 8 tissue types. The percentages of the KT/HAK/ KUP family genes expressed in the leaf and flower were the second and third among tissues, reaching 22.7 and 12.8%, respectively. Therefore, we speculate that the KT/HAK/KUP family genes may play key roles in K + uptake, and the accumulated K + may be further transported to the aboveground parts that mainly contribute to flower formation and fruit development in the peach. Again, our findings may favorably support the proposition that K + contributes to flower formation, and fruit quality and yield.
In conclusion, the present study shows evidence for the molecular basis of the KT/ HAK/KUP family in the peach. Phylogenetic and comparative analyses of the peach KT/ HAK/KUP family genes contribute to the identification of excellent genes for detailed characterization and provide useful genetic information for the breeding of new cultivars that may be able to adapt to unfavorable environmental conditions. Currently, electrophysiological and heterogeneous expression studies are underway to explore the molecular mechanisms of the KT/HAK/KUP family, with the intent of providing a direct link between K + accumulation in relation to flower formation, fruit development, and stress-resistance capabilities in the peach.
